Abstract-This work will describe the proof-of-concept research applying muon tomography technologies based on drift tube systems to create images using near-horizontal trajectory muons. To date, the majority of imaging studies using cosmic-ray muons have used near-vertical trajectory muons. This work compares imaging results using near-vertical trajectory muons with results using near-horizontal trajectory muons. The muon flux is much lower for the near-horizontal trajectory muons, requiring longer imaging times, but the average muon energy is higher, so the horizontal results are expected to better differentiate high-Z materials. The muon tracking system is easily configurable and can be oriented to capture near-vertical trajectory or near-horizontal trajectory cosmic-ray muons. The software can track each muon passing through the system, and generate 3D images of the scene. The experimental design and preliminary results will be presented, including the comparisons of detection efficiency, image resolution, and integration times.
measured from zenith. 55% of the muons are positively charged ( +) and 45% are negatively charged ( −).
Imaging using cosmic ray muons is typically done in two modes, transmission mode and tomographic mode. Transmission mode imaging relies on the attenuation of muons through an object or regions as shown in Fig. 1 . This mode requires tracking of the muons after passing through the region of interest. Regions of higher density will attenuate the muon flux and show up as a shadow on the muon image. This technique exploits the relative constant muon flux over time at the earth's surface at any given zenith angle. Tomographic mode imaging, the mode of imaging used in this study, relies on multiple coulomb scattering, and has been shown to detect and image high-Z material in shielded configurations [1] . Tomographic mode, as depicted in Fig. 2 , requires detectors on two sides of the object of interest, since it relies on tracking of both incoming and outgoing scattered muons. The trajectories of the muons before and after interaction with an object are determined, and the intersection of these trajectories indicates spatially the location of the object being imaged. The muon will experience on average a higher trajectory deflection when passing through high-Z materials such as uranium. Since the deflection angle can be measured, the object can be imaged and the Z of the imaged object can be roughly determined. Muons from multiple angles are being tracked through the scene giving threedimensional information about the scene after image reconstruction. Combining the three-dimensional information with scattering angle allows high-Z objects shielded by lower Z materials, for example uranium shielded by lead, to be located and imaged. In tomographic mode imaging, the cosmic-ray muon is deflected by objects. The intersection of the incoming and deflected muon can be used to determine the object location while the scattering angle is a measure of the Z of the material.
Because of the cos 2 ( ) relation between muon flux and angle from the vertical, cosmic ray imaging is most effective when vertical trajectory muons are used. However, the use of vertical trajectory muons requires that detectors are located above and below the object of interest. There are situations where it is impractical to relocate an object to the imaging plane of the conventional muon tracker. In these difficult imaging scenarios, re-locating the detectors on either side of the object shows promise for imaging objects in situ provided sufficient integration times can be achieved. The lower muon flux at trajectories near horizontal presents a challenge to image objects in this configuration. However, horizontal trajectory muons will be more energetic on average since these muons must travel a greater distance from formation, and the lower energy particles will have decayed before reaching the ground. Additionally, in vertical mode only downward traveling muons are tracked since the flux of upward traveling muons is essentially zero. However, in horizontal mode muons can be tracked from both directions as shown in Fig. 3 . This doubles the effective horizontal flux helping to reduce the integration time for horizontal muon imaging.
Care must be taken to assure that reconstruction algorithms do not give a bias to the directionality of the muons in horizontal mode. Horizontal mode also presents a challenge beyond vertical mode since in vertical mode the muon flux does not vary greatly throughout the acceptance angle. At the largest acceptance angle of 30°, the flux is approximately 75% of the vertical flux. In horizontal mode the flux varies from approximately 25% of the vertical flux to nearly zero for purely horizontal muons. This gives a bias to trajectories above the horizontal and can degrade the ability to extract three-dimensional information from a scene. Fig. 3 . In vertical mode (imaging using near-vertical trajectory muons), the geometry of the detector determines the total flux of muons that can be tracked. In horizontal mode (imaging using near-horizontal trajectory muons), the acceptance angle is determined by the same geometry except muons are incident from both sides. The tracker as configured cannot distinguish the direction of travel of the muons so the effective flux is increased.
II. CMT DESIGN
The Configurable Muon Tracker (CMT), shown in Fig. 4 , is an adaptation of the existing drift tube detector commercially available from Decision Sciences International Corporation (DSIC). DSIC has optimized drift tube technology for imaging cargo containers at ports, so their detectors are typically large systems (up to 7 meters by 21 meters) designed for fixed installations, and optimized for vertical trajectory muons. Tomographic mode imaging using vertical trajectory cosmic ray muons is well established; however there are scenarios where imaging using vertical trajectory muons is not practical in cases where items are to be imaged in-situ. These requirements drove a design for a smaller, portable detector that was readily configurable between vertical and horizontal modes. A larger detector would give faster imaging and better resolution since a larger solid angle of muons is sampled but limits portability and configurability. The decision was made to design a 1.2 meter by 1.2 meter (4 foot x 4 foot) detector based on the tradeoffs between imaging capability, portability, and cost. National Security Technologies (NSTec) engineered the CMT around commercially available drift tube assemblies to make a detector that is more versatile than previous drift tube assemblies. As shown in Fig. 2 , tomographic imaging using cosmic-ray muons tracker requires two supermodules, one on each side of the object being imaged (top and bottom for Fig. 2 ). Each supermodule is made up of six layers of drift tube modules, with alternate modules determining the x and y position of tracked muons. Each supermodule on the CMT is framed with 80/20, a commercial extruded aluminum product that is designed for ease of construction and configurability. The modular design housing each supermodule permits easy reconfiguration and modification when required. The structure between the supermodules is made of 80/20 to simplify reconfiguration of the CMT. The gap between the supermodules can be changed quickly to accommodate various sized objects or to study standoff imaging capabilities.
The CMT was designed with an improved cabling system for configurability. The data acquisition system of the CMT includes 24 TDC boards with on-board FPGAs connected directly to the drift tubes to record pulse timing. Ethernet cables are required to connect each FPGA to an Ethernet switch for communication with the DAQ computer. In addition, 24 synchronization cables must connect to each FPGA to provide common timing. In previous muon trackers the 24 FPGAs were connected to a single Ethernet switch and a single clock distribution box, which required 24 interconnecting cables between the two supermodules. The CMT design distributed the switches leading to permanent connections within each supermodule, resulting in only 4 interconnecting cables (clock sync, Ethernet, HV, and power) between supermodules. This greatly reduced reconfiguration time and created a more robust system. Significant effort went into engineering a system that required a minimum of two CMT operators for converting between horizontal and vertical modes. As shown in Fig. 5 , two hydraulic lifts are employed to support the CMT while it is being rotated. The lifts were selected to have a size and weight allowing easy shipment with the CMT between facilities for setup. The same lifts can be used to move the upper supermodule into position for vertical imaging, or for off-setting one supermodule vertically if required in horizontal mode imaging. With only two CMT operators, a complete mode change can be accomplished in approximately one hour from stopping a data run in one mode to starting a new data run in the other mode. 
III. TRACKING MUONS USING DRIFT TUBES
Each of the 576 aluminum drift tubes in the CMT is 5 cm (2 inches) in diameter and 1.2 meters (4 feet) long with an anode wire along the axis. The drift tube is filled with a drift-gas mixture at atmospheric pressure. Any particle that ionizes the gas will create a pulse at the anode wire, depicted in Fig. 6 , as the electrons drift to the anode wire. The software saves the raw event and performs track fitting and image reconstruction. Since all data are saved in list mode, experiments can be postprocessed with different tracking and imaging parameters. A raw event consists of a tube number, giving the geometric position, and a time of the pulse on the anode wire, T min in Fig.  6 . Track fitting rejects tracks that are not consistent with a muon trajectory and saves trajectory information on the incoming and outgoing muon tracks for use in image reconstruction. Zero time, the actual arrival time of the muon, is one of the free parameters of the track fit. Drift tubes rely on the timing information from each pulse and known drift-time characteristics to get significantly better spatial resolution than the 5 cm diameter cylinder defined by each tube. Fig. 7 represents a muon track through one drift tube. The time of arrival of the leading edge of the pulse on the anode wire, T min in Fig. 6 , represents the electrons arriving from the closest point of ionization. Once T 0 is determined from the fit in this system, the relative time of arrival of each hit gives its radius of closest approach to the anode wire. A calibrated drift time spectrum for the tube gives a conversion from time to radius of closest approach. This defines a cylinder for each tube which the actual trajectory is tangent to. Fitting the tangents to the cylinders in all drift tubes gives a particle trajectory as illustrated in Fig. 8 . Converting the raw timing information to a trajectory requires accurate calibrations. The relative position of each tube must be known accurately and the drift time spectrum must be well characterized for any anode voltage that will be used. Throughout these studies, it has been determined that there have possibly been small shifts in the mechanical positions of tubes relative to each other. The mechanical design is being updated to a more rigid design, and the positions of the tubes are being recalibrated. It was originally assumed that the drift time spectrum was constant over time and the same for each tube at a given voltage, which are reasonable assumptions for low resolution imaging. However, it has been determined that in order to improve the resolution, the drift time spectrum needs to be tracked over time and each tube must be calibrated individually. Techniques are under development to update the drift time calibrations to improve image resolution. Since all raw data are saved in list mode, the new calibrations can be applied to previous data.
IV. EXPERIMENTAL APPROACH
To test analysis techniques and repeatability of measurements after reconfiguration, a test object was built.
The test object is designed with nested shield boxes which will also be used for research into the capabilities to detect shielded materials. The outer box is 40 cm x 20 cm x 20cm (16 inches x 8 inches x 8inches), and is made of 0.64 cm (0.25 inch) thick lead. Two inner boxes with adjustable wall thickness were constructed. The first inner box is a 10 cm (4 inch) cube with available wall thicknesses of 0.3175 cm (0.125 inch), 0.635 cm (0.25 inch), and 0.953 cm (0.375 inch). The second inner box is rectangular and measures 10 cm x 15 cm (4 inch x 6inch) with the same wall thicknesses available as the cubical box. The inner and outer boxes are of a modular design so additional thicknesses can be constructed with minimal labor. To image the shield boxes, the CMT was first set up in vertical mode. The initial test object was the outer shield box containing two tungsten spheres (2.5 cm and 5 cm diameter), as shown in Fig. 9 . Fig. 9 . The lead shield box used for unclassified imaging tests is shown with two tungsten spheres inside the 0.64 cm (0.25 inch) lead box. Inner lead shield boxes were used in follow-ups studies to study the ability to image objects with varied shielding.
The imaging results in this configuration after 880 minutes in vertical mode are shown in Fig. 10 . This configuration was used to study the imaging times and resolution capability as a baseline. The left image in Fig. 10 shows a top view of the data, which effectively collapses all the data into a 2-dimensional figure. The middle image shows an angle view of the same data. The image on the right shows a z-slice through the image at the approximate location of the spheres. The position of the z-slice can be adjusted by the operator either in real time during imaging, or afterwards in post processing. The 5 cm sphere and the shield box can be easily identified in these images; the 2.5 cm sphere can also be seen in the image, though it is not as clearly defined as the larger objects. The same test object was then imaged in horizontal mode for 4930 minutes; a longer time is needed in horizontal mode due to the decrease in muon flux as muon trajectories approach the horizontal. The results of this horizontal imaging are shown in Fig. 11 , with the same three views as described previously. The 5 cm sphere is clearly identified on the left side of these images, along with most of the rectangular outline of the shield box. The 2.5 cm sphere was located to the right of the 5 cm sphere in these images and is not well identified. Post processing of these and other long-integrationtime experiments is ongoing to determine the time to detect objects of various sizes and densities. In follow-on studies, the 2.5 cm tungsten sphere was placed inside the thinnest cubical inner box, the 5 cm tungsten sphere was placed inside the thinnest rectangular inner box, and both inner boxes were placed inside the outer shield box. This arrangement of objects was imaged in both vertical and horizontal modes, with a longer imaging time in horizontal mode to compensate for the reduced muon flux. "Top view" images from both modes are shown in Fig. 12 . Note that "top view" is defined as viewing in the direction of muon propagation; for the horizontal mode image, "top view" is actually the view from the side of the box as shown in Fig. 9 . In the z-slice images in Fig. 13 , the walls of the outer box are visible, but resolution improvements are needed to identify the inner wall thickness and to locate the smaller tungsten sphere. Efforts are ongoing to improve image resolution.
V. CONCLUSIONS
The CMT design proved to be robust and highly configurable. With the recent improvements, horizontal and vertical mode imaging can be performed with minimal time for reconfigurations. Test objects were imaged in both modes and post processing of the data is ongoing to determine parameters such as minimum time to detect. Post processing is continuing to study detection time required. Improvements in the geometric calibration are ongoing and techniques to improve the drift time calibration for the drift tubes are being developed. The improved calibrations and the additional post processing are expected to give significant improvements to the image quality and resolution.
